We experimentally and theoretically study the propagation of a 1536 nm light pulse superposed on a continuous wave background in a highly doped erbium fiber pumped at 977 nm. We observe a transition from subluminal to superluminal propagation with the pulse bandwidth. Furthermore, an improvement of the pulse delay and pulse distortion when increasing the pulse peak and keeping constant the background power is reported. These results are due to the relation between the pump-broadened transparency hole (induced by the coherent population oscillations) and the competition between gain and absorption along the fiber.
INTRODUCTION
Slow and fast light propagation phenomena, that involve group velocities much lower or much faster than c, have become very important in the last years in the fields of quantum optics and nonlinear optics. Potential applications include alloptical communication networks [1] , and optical sensing [2, 3] . From the wide spectra of slow/fast light techniques, the socalled coherent population oscillations (CPOs) present the advantage of room-temperature realization. CPOs occur when a medium is illuminated by a strong ("control") beam and a weak ("probe") beam, slightly detuned with the control beam. Their frequencies must lie within an absorption band of the medium. This causes an oscillation of the population at the beat frequency, which induces a reduction of the absorption that the probe beam experiences. This can be seen as a spectral hole in the absorption spectrum of the probe field. The width of this hole is in the order of the inverse of the excited level lifetime. According to the Kramers-Kronig relations, the refractive index varies rapidly in the frequency range of the spectral hole, presenting a high-dispersion spectral zone and leading to slow light for the probe beam. The experimental realization is usually performed with amplitude-modulated optical beams and Gaussian-shaped light pulses superimposed on a continuous background, with a modulation frequency or pulse bandwidth in the range of the inverse of the excited level lifetime. By means of an additional pump to a higher energy level, the same phenomenon induces a hole in the gain spectrum, leading to anomalous dispersion and fast light for the probe beam.
The first experimental realization of slow light by means of this technique was performed by Bigelow et al. [4] in a ruby crystal rod. CPO-based slow and fast light has been observed in a variety of materials such as alexandrite [5] , erbium-doped fibers (EDFs) [6, 7] , biological thin films [8] , and semiconductor waveguides (electroabsorbers [9] and semiconductor optical amplifiers [10] ). Slow and fast light experiments in optical fibers are especially interesting for their integration in communication networks. Fibers also allow propagation of light through the slow light medium in longer distances, which helps to produce greater delays. Optical fibers doped with Er 3þ ions (EDFs) are widely used in telecommunications as amplifiers of 1550 nm signals by means of optical pumping. In the past several years, several works have studied the sub-and superluminal propagation of signals around this wavelength through EDFs [11] [12] [13] . In particular, Melle et al. observed a transition from subluminal to superluminal propagation in amplitude-modulated signals propagated through highly doped erbium fibers (HEDFs) solely upon an increase in the modulation frequency [12] . Other works have investigated the control of the distortion of superluminal light pulses caused by the interplay between pulse broadening and compression [14, 15] .
Following these works, here we study the propagation of light pulses superposed on a continuous wave (cw) background in HEDFs, where a strong gain and absorption take place along the fiber. We show that, for certain conditions, a variation of the propagation regime (from subluminal to superluminal) takes place when varying the pulse bandwidth. We examine the distortion of the pulses during this transition. To simulate the results, we have used a rate equation analysis. We investigate also the possibility of improving the delay and the available bandwidth by controlling the pulse-peak-tobackground power ratio. The variation of the propagation regime with the pulse bandwidth has also been obtained using a cascade system formed by an amplifier and an absorber, both short enough to work in the undepleted propagation regime, i.e., to neglect gain and absorption of the beams in both fibers.
THEORETICAL MODEL
To simulate the propagation of a signal beam (1536 nm) and a copropagating pump beam (977 nm) along the EDF, we have followed a rate equation analysis [6, 16] . Erbium ions can be modeled as a three-level system, consisting of a ground level ( 4 I 15=2 ), a metastable level ( 4 I 13=2 ) with a lifetime of τ ∼ 10:5 ms and a transition wavelength with a ground level of 1536 nm, and a third level 4 I 11=2 (transition wavelength of 977 nm) used to pump the system. Assuming a fast decay of the pump level, we can describe the ions as a two-level system [see Fig. 1(a) ], being the population densities of the ground level and the metastable level n 1 and n 2 , respectively (normalized to the total density ρ).
Pair quenching effects (inhomogeneous upconversion) are the main cause of gain degradation in HEDFs [17] . Because of nonuniform erbium ions distribution, energy transfer can occur between two adjacent excited paired ions. Following the model developed by Li et al. [18] , and later used by Calderón et al. [19] to study the effect of ion pairs on slow and fast light, we divide the erbium ions into two groups, isolated ions and paired ions (with a fraction of ion pairs in the total ion concentration given by κ). Ion pairs can be described as a three level system [see Fig. 1 22 , respectively (all of them normalized to ρ). As decay from the upper level to the intermediate level is very fast compared with τ, we can consider only the ground and intermediate levels (n 11 þ n 12 ≃ κ) [19] . The rate equations for n 1 and n 11 are
where P s and P p are the 1536 nm signal power and the 977 nm pump power, respectively, normalized to their respective saturation powers P sat s and P sat p . The propagation equations of the signal and pump powers along the fiber can be described with the following equations that take into account the inhomogeneous upconversion effects:
Here α s and α p are the absorption coefficients for the signal and pump beams, and n gs and n gp are the group indices of the signal and pump in the fiber glass, respectively. The signal power envelope at the beginning of the fiber (z ¼ 0) is a Gaussian pulse superposed on a cw background, P in s ðtÞ ¼ P bg þ P m ðtÞ ¼ P bg þ P peak exp½−ðt=T 0 Þ 2 , with a FWHM given by τ in ¼ 2T 0 ðlog 2Þ 1=2 . Following the work by Wen and Chi [20] , we spectrally analyzed the problem by decomposing the pulse power envelope in its modulation frequency components: P s ðtÞ ¼ P bg þ P m ðtÞ ¼ P bg þ RP m ðΩÞ expð−iΩtÞdΩ, whereP m ðΩÞ is the amplitude of each power modulation term. Assuming that the modulation in the signal power will induce a modulation in the ground level population along the fiber, we can write the ground level populations as
whereñ 1m ðΩÞ andñ 11m ðΩÞ are the amplitudes of the population oscillations of each spectral component. Here, we consider that P m ≪ P bg , and hence, the modulation terms can be treated as perturbations. This is the most common situation in CPO-based slow light [4, 6] . Furthermore, pump power temporal variation will be induced by the population oscillations. This phenomenon, which is called temporal pump depletion (TPD), produces higher absorption of the pump beam [20] .
We have checked that our experimental results are reasonably well explained without including in our model the TPD effect. From Eqs. (5) and (6), and the rate Eqs. (1) and (2), we obtain the stationary population and the population oscillations amplitudes equating the terms of the same order:
where ω c ≡ 1 þ P bg þ P p is the so-called "CPO central frequency," a dimensionless frequency that roughly gives the available bandwidth to obtain signal delay or advancement. From these results and the power propagation [Eqs. (3) and (4)], it is straightforward to obtain the propagation equations for the signal background and pump powers. The terms with n gs and n gp in Eqs. (3) and (4) are negligible, because the delay from these contributions is much smaller than the delay caused by CPO. Therefore, these equations read
and for each modulation frequency term of the signal power envelope: 
where the coefficient C s is given by
The pulse at the end of the fiber, P m ðt; z ¼ LÞ is obtained from the inverse Fourier transform of the output power envelope of the modulation frequency componentsP m ðΩ; z ¼ LÞ:
The time delay is calculated as the time difference between the maximum of the delayed pulse and the maximum of the reference pulse. Because C s ðΩÞ is complex, the imaginary (real) part stands for a phase delay (absorption) of each modulation frequency component of the signal power envelope. By neglecting the variation of the signal and pump along the fiber, i.e., the undepleted approximation, the delay is given by t d ≈ ImðC s ðΩÞÞz=Ω. Note that the achieved delay increases with fiber length.
RESULTS AND DISCUSSION
The experimental setup consists basically of an EDF in the forward-pumped configuration. Details have been described in [13] , Fig. 2 . It allows us to control the initial pulse width (τ in ), which is given as the FWHM, and the pulse-peak-tobackground power ratio. Pulses are propagated through an Al 2 SiO 5 -glass-based EDF with ion density of ρ ¼ 8:7 × 10 25 m −3 and 1 m long. Delay/advancement is measured as the time difference between the peaks of a reference pulse (which travels through nondoped fibers) and the pulse propagated through the EDF. Delay/advancement time is normalized to the reference pulse width (FWHM), giving the so-called fractional delay F, defined as F < 0 for delay and F > 0 for advancement.
A. Subluminal to Superluminal Transition with Pulse Width
We have measured the pulse delay varying τ in from 0.33 to 100 ms. This range covers the width of the CPO hole. In the following, we use a small amplitude pulse compared to the background. In particular, we use a pulse-peak-to-background power ratio of P peak =P bg ¼ 0:2. When the pump is not present, all pulses propagate at subluminal velocities (not shown), as has been previously reported [6, 11] . Furthermore, pulses with a few milliseconds of width show the largest slow light effect. By pumping the fiber, as we are using fibers with a high ion concentration, strong absorption of the pump occurs so that gain will be only achieved in the front part of the fiber. Moreover, the CPO hole will broaden with pump power. Therefore, in this first region, pulse advancement will take place, being greater for shorter temporal pulses. In Fig. 2(a) , we plot the fractional delay versus the inverse of τ in for different pump powers and for a signal background power of 3:5 mW. A transition from subluminal to superluminal propagation with the pulse width takes place. That is, pulses longer than 1:5 ms propagate subluminally, while shorter pulses propagate at superluminal velocities. A high pump power value is needed to achieve a strong enough gain in the front part of the fiber to be comparable to the absorption that appears along the rest of the fiber, allowing a transition from subluminal to superluminal propagation. In this particular case, a pump power of 96 mW is needed to observe this transition. In Fig. 2(b) , we plot the fractional delay versus the inverse of τ in for different signal background powers and for a pump power of 107 mW. For small signal background powers, we observe such a transition from subluminal to superluminal velocities [see circles in Fig. 2(a) , corresponding to a signal background power of 1:8 mW]. However, for high signal background powers [see triangles in Fig. 2(a) , which correspond to a signal background power of 6:8 mW], we see only subluminal propagation. For this high signal power, saturation gain occurs so that signal background suffers small amplification. Thus, the small advancement achieved in the front part of the fiber will be canceled out by the delay achieved in the rest of the fiber so that all pulses will show a net delay.
We have simulated these results with the previous perturbative model [Eqs. (11)- (13)]. We have used the measured powers as initial values, keeping insertion losses as fitting parameters. We obtained 10% and 80% losses for the signal and the pump, respectively. The saturation powers for the signal and pump beams are P sat s ≃ 0:36 mW and P sat p ≃ 1:3 mW, respectively. The unsaturated absorption coefficients for the same beams are α s ≃ 0:21 cm −1 and α p ≃ 0:18 cm −1 . These values are consistent with the ones used in previous works [6, 11] . The fraction of ion pairs in the total ion concentration is set to κ ¼ 0:2 (a similar value to the one used in previous works for HEDFs [19] ). The simulation results, depicted in Fig. 2 (solid   (a) (b) curves), reproduce well the change from subluminal to superluminal propagation with the pulse width. The peculiar phenomena described above can be explained as a combined effect of the spectral hole broadening with pump power and the change from gain to absorption of the signal along the fiber. The background signal power and the pump power distribution along the fiber determine the delay of the pulses in different sections of the fiber. The final result is a modified gain profile. The shape of the gain curve will be further investigated in Subsection 3.A.1. The effects of the modified gain profiles on light propagation have been previously analyzed in other techniques such as stimulated Brillouin scattering [21] . In the initial part of the fiber, pulses are advanced since gain is dominant because a strong pump is present. In particular, broad-spectrum pulses (1=τ in ≃ 1000 Hz) suffer the largest fractional advancement due to the pump-broadened spectral hole. In the final part of the fiber, the pump is almost completely absorbed due to the high ion concentration. Thus, pulse delay occurs in this part of the fiber. In particular, narrow-spectrum pulses (1=τ in ≃ 100 Hz) suffer the largest fractional delay. For the case depicted in Fig. 2(a) (triangles) , absorption is dominant in the whole length of the fiber, causing great delays for all bandwidths. For the rest of the curves shown in Figs. 2(a) and 2(b) , where a transition of the propagation regime takes place, the initial power values are such that the gain region in the initial part of the fiber and the absorptive region in the final part of the fiber are equally significant. This leads to a net advancement for short pulses, while long pulses will present a net delay at the output of the fiber.
Cascade System
In order to explain more clearly the change in the propagation regime from subluminal to superluminal with the pulse width and find possible implementations of slow light devices based on this effect, we have reproduced this behavior with an undepleted equivalent system, which makes use of short fibers where attenuation and amplification of the signal background and pump powers can be neglected (undepleted approximation). This allows us to explain the results with an analytical model and gives us a better understanding of the phenomenon.
As we said before, the phenomenon observed in Fig. 2 is due to the competition between gain and absorption along the fiber. In Fig. 3(a) we have plotted the powers profiles (normalized with their saturation powers) along 1 m long fiber, for the particular values corresponding to those in Fig. 2(b) (circles) , where a change from subluminal to superluminal propagation was observed. Note that the pump is almost totally absorbed in the first half of the fiber. This strong absorption is due to the high Er 3þ concentration and the inhomogeneous upconversion processes caused by the presence of ion pairs (PIQ). Let us imagine a simple and equivalent configuration that consists of two short fibers, one pumped (amplification stage, EDFA), and the other one without the pump (absorbing stage, EDF), as depicted in Fig. 3(b) . The device was experimentally implemented with two EDFs of length L ¼ 10 cm. In the first stage, the 1536 nm pulse superposed on the signal background and the 980 nm pump were copropagated. We measured the pulse delay at the output of this fiber. Then we used wavelength division multiplexing to extract the pump beam at the output of this first stage, and we introduced the 1536 nm signal into the second EDF. We again measured the pulse delay at the output of the device. In Fig. 4 , the fractional delay is plotted against the spectral width of the initial pulses for a pump power of 39 mW and a signal background power of 2 mW (triangles). The same measurement without the second stage is also plotted in the same figure (circles). We observe that only superluminal propagation takes place at the output of the first stage. However, at the output of the second fiber, a change of the propagation regime with the pulse width is observed, as occurs in the experiments shown before, where we used one long fiber. This simple experiment allows us to confirm that the main reason for the change in the propagation regime with the pulse spectral width is the competition between gain and absorption occurring along the system. This "cascade" configuration makes possible the control of the delay in CPO delay lines, and it has been previously used in semiconductor-based CPOs [22, 23] .
From Eq. (13), the derivation of the results is straightforward. Assuming the undepleted approximation and neglecting pair-quenching effects, the pulse spectrum at the output of the device will be given byP out m ≃P in m e αL e −iφ , where α is the total absorption/gain coefficient and φ is the total phase delay accumulated along the two stages:
Here ω c 1 ≡ 1 þ P bg þ P p and ω c 2 ≡ 1 þ P bg are the CPO central frequencies in the first and second stages, respectively, and L is the fiber length of each stage. Furthermore, the total absorption/gain coefficient α is given by
In order to compare the results of our model with the experimental results, we calculate the inverse Fourier transform of the pulse power spectrum and we estimate the delay as the difference between the maximum of the delayed pulse and the reference pulse. The simulations reproduce the change in the propagation regime (not shown). Furthermore, we have checked that in order to reproduce the experimental results, distortion caused by absorption or gain (e αL ) can be neglected. Following this approximation, we have analytically solved the inverse Fourier transform to obtain the pulse time delay:
In Fig. 4 we have plotted the analytical F (solid curves) showing good agreement with the experimental results. The analytical curve for the EDFA stage shows a small shift in the pulse width where the maximum advancement is obtained as well as a slight increase in the amount of advancement achieved. These small discrepancies are due to the depletion of the pump beam that occurs in highly doped fibers, even for this small length, that is obviated in the undepleted approximation.
Let us analyze in more detail the spectral response of each stage. In Fig. 5 we plot the absorption/gain coefficient α (a) and the phase delay φ (b) as a function of Ωτ for the EDFA stage (dashed curve), EDF stage (dotted curve), and cascade system (solid curve) using the same power values as in Fig. 4 . Thus, each frequency component of the pulse propagating through the fiber will experience the absorption shown in Fig. 5(a) and will propagate with a refractive index that is proportional (with a negative sign) to the phase delay shown in Fig. 5(b) . The total absorption is the contribution of the absorption generated in each stage of the system. In the EDFA stage, a broad hole in the gain spectrum is obtained, while in the EDF stage a narrow hole in the absorption spectrum occurs. As a result, the total gain spectrum shows a broad hole and a narrow antihole.
In Fig. 6 we have plotted the total index (with arbitrary dimensions) (solid curves) together with two pulses with different spectral widths (dashed curves). A spectrally narrow pulse will be inside the normal dispersion region so that every frequency will be delayed. When the pulse gets spectrally wider, it exceeds the normal dispersion region. Most of the spectral components will observe the broad hole in the gain spectrum propagating in a superluminal regime. Note that a wide spectral pulse will suffer distortion, because the central frequencies will be inside the normal dispersion regime, while the lateral frequencies will propagate at superluminal velocities. Therefore, a description of its propagation based only in the delay between the pulse peaks is incomplete. In the next section we study pulse broadening and distortion for a case where a change in the propagation regime is observed.
Pulse Distortion
Practical applications of slow and fast light must take into account pulse broadening and pulse narrowing due to the propagation in the slow/fast light system. The gain spectrum of EDFAs shows a CPO hole with a characteristic width of 100 Hz. Thus, the high-frequency components of the pulse would be amplified, causing a narrowing of the pulse in time domain. On the other hand, pulse broadening would occur due to the saturation of the amplifier gain. These competing mechanisms result in the distortion of the pulse. In this section we study the behavior of the pulse width, and the distortion of the delayed/advanced pulses as the input pulse spectrum gets broader. We used a pump of 107 mW and a signal background of 1:8 mW. This case corresponds to the one Fig. 4 . (Color online) Fractional delay versus the inverse of the pulse width in one amplification stage (circles) and in two stages, amplification and absorbtion (triangles). The signal background power was set to 2 mW for both measurements, and the pump power was set to 39 mW in the amplification stage. The theoretical result given by Eq. (17) is also plotted (solid curves).
(a) (b) shown in Fig. 2(b) (circles) , where a transition from subluminal to superluminal propagation with the pulse width was observed. We show in Fig. 7 three representative pulses where we can observe the different propagation regimes and the distortion appearing in each case. The narrow-spectrum pulses, which are delayed, suffer broadening [see Figs . Broadening and compression are computed by means of the pulse FWHM ratio, which accounts for the distortion of the remaining Gaussian part of the pulse. In Fig. 8(a) we have plotted the ratio between the delayed and the reference pulse widths (FWHM), as a function of 1=τ in . We observe how pulse broadening occurs mainly for subluminal propagated pulses. For short pulses (less than 2:2 ms, with superluminal propagation) we have narrowing. This is explained in the frequency domain, because the pulse spectral width exceeds the CPO hole in the gain profile. Thus, the wings of the pulse are amplified, and the pulse spectrum gets broadened. Amplification of the wings induces a "tail" after the pulse [see Figs. 7(c) and 7(d)] that distorts the pulse.
To account for this distortion, we use the metric proposed by Bigelow et al. in [24] as the deviation the pulse has at the end of the system compared to its initial shape:
where P in and P out are the normalized pulse envelopes at the beginning and at the end of the fiber, respectively; t d is the delay time; and δt is the temporal resolution of the experimental data. In Fig. 8(b) we have plotted the measured and simulated distortion for the case depicted in Fig. 2(b) (circles). It is noticeable that its greater value occurs for the most advanced pulse. Pulse distortion increases as the input pulse is shorter, that is, when it exceeds the dip in the gain profile.
(a) (b) 
B. Influence of Pulse Height
High pulse-peak powers compared with the signal background power have not been considered in most previous CPO works [6] . However, recent studies [11, 25] have obtained interesting results in subluminal and superluminal pulse propagation when the pulse-peak power is arbitrarily high. In this situation, pulse interaction with the medium is fully nonlinear and it is not only seen as a probe. Macke et al. [25] showed theoretically, using a saturable absorption approach, that larger pulse-peak powers provided larger fractional delays. Moreover, recent studies [11, 14] demonstrate that pulse distortion can be reduced by modifying the pulse-peak-tobackground power ratio. Specifically, in [14] , Shin et al. measured the deformation of advanced pulses for different values of the background power P bg , while keeping constant the pulse-peak power P peak to 55 μW. They concluded that the pulse-peak-to-background power ratio can be used as a free parameter to minimize pulse distortion. They found that fractional advancement was independent of the pulse-peak-tobackground power ratio, for values of P peak =P bg above 0.4. In this section we study the influence of pulse-peak-tobackground power ratio on the delay. Here in this work, and in contrast to the above-mentioned studies [11, 14] , we keep constant the background power (to a value greater than the saturation power of the EDFA) and vary the pulse-peak power. In particular, the pulse-peak-to-background power ratio varies from 0.2 to 25. This allows us to look beyond the approximation that considers the pulse as a probe. We have found that the propagation of pulses with a peak power larger than the background power leads to greater fractional delays/ advancements and increases the available bandwidth as the pulse-peak power increases.
We carried out a series of experiments where we measured F, varying the pulse width from 0.33 to 100 ms, for different values of P peak =P bg , from 0.2 to 25. We kept a constant background power of 0:9 mW and varied the pulse-peak power. The pump power is set to 140 mW. For these values of pump and background powers, and for small values of the pulse-peak-to-background power ratio, narrow-spectrum pulses (1=τ in ≃ 100 Hz) suffer delay, and broad-spectrum pulses (1=τ in ≃ 1000 Hz) suffer advancement, as shown in Subsection 3.A. We focus our attention on the range of pulse widths where subluminal propagation occurs. In Fig. 9(a) we have plotted the maximum fractional delay we have obtained varying pulse width (FWHM) for each value of the pulse-peakto-background power ratio. The pulse width (FWHM) where the maximum fractional delay occurs (called optimum pulse width) is also plotted against the pulse-peak-to-background power ratio [see Fig. 9(b) ]. In order to properly reproduce these experimental results, integration of the complete model shown in Eqs. (1) and (2) without further approximations has been carried out. The curves in Fig. 9 show a good agreement with the experimental data (symbols). We observe that with a pulse-peak-to-background power ratio of 25, we can obtain fractional delays two times larger than the one obtained with a power ratio of 0.2 (from F ¼ −0:084 to F ¼ −0:174). The available bandwidth also increases with the pulse-peak-tobackground power ratio. There is a difference of 1 order of magnitude in the spectral width of the pulse that suffers the maximum fractional delay for the values of P peak =P bg (a) (b) Fig. 9 . (Color online) (a) Experimental (symbols) and simulated (curve) maximum fractional delay versus P peak =P bg . (b) Experimental (symbols) and simulated (curve) optimum pulse width, i.e., the pulse width where the maximum fractional delay is achieved versus P peak =P bg . measured (from 1=τ in ¼ 90 Hz for a power ratio of 0.2 to 1=τ in ¼ 390 Hz for a power ratio of 25). This is expected, as the pulse-peak power is involved along with the background power in the broadening of the CPO hole. The fractional delay increase can be explained by a higher saturation of the absorption by the leading edge of the pulse. By integration of the complete model, we found that a saturation of the increase of the fractional delay with the pulse-peak-to-background power ratio occurs for P peak =P bg > 40.
CONCLUSIONS
Pulse propagation in EDFAs has been experimentally investigated. Pulses of different widths have been propagated through a very highly doped erbium fiber. A transition in the propagation regime (from subluminal to superluminal) with the pulse width is reported. This is explained by the abrupt change in the signal and pump power profiles along the fiber, caused by the high absorption. We have simulated these results with a rate equation model. We reproduce the same behavior with a more comprehensive experimental setup, consisting in two stages, one pumped fiber followed by another one without the pump. This simple model allows us to calculate the analytical delay of both steps. Finally, we found an improvement of the pulse delay and the available bandwidth when increasing the pulse-peak power while keeping constant the background power. This is explained by the contribution of the pulse to the nonlinear saturation of the absorption.
